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Methods and compositions for enzyme complementation assays using the omega region of 
beta-g al actos idase. 

@ The use of omega-acceptor and omega-donor polypeptides (comprising about two-thirds and 
one-third of the 3-galaclosidase molecule amino and carboxyl termini, respectively), prepared by 
recombinant DMA techniques, DMA synthesis, or chemical polypeptide synthesis techniques, which are 
capable of interacting to fonm an active enzyme complex having catalytic activity characteristic of 
p-galactosidase, is described along with improved methods and novel compositions for enzyme 
complementation assays for qualitative and quantitative detemnination of a suspected analyte in a 
sample. 
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This inv ntion relates to enzyme-labelled r ag nts and to assays that use enzyme activity as a mark r in- 
dicating the presence of an analyte and is particularly dir cted to improv d m thods and n vel compositions 
for qualitative and quantitative analysis of analytes by enzyme complementation assays using p-galactosidas 
The enzyme p-galactosidase has for a long time found wide use in enzyme-link d immunosorb nt assays 
5 (ELISA) (Engvall and Perlmann, 1971, Immunochemistry 8 :871) and homogen ous substrat labeled assays 
(Burd etai., 1977, Clin. Chem. 23:1402). In addition, p-galactosidase forms the basis of a widespread genetic 
system for DNA cloning and DNA sequencing (Messing. 1983, Methods of EnzymoloQv 101 :20). 

p-Galactosidase is a tetramerlc protein having a molecular weight (MW) of about 540,000 daltons. The four 
identical monomers consist of 1023 amino acids, each with a MW of 116,000 daltons. The monomeric protein. 
10 as shown in FIG. 1 , is divided into three regions; (1) the N-terminus proximal segment (the a-region), (2) a mid- 
dle region, and (3) a C-temninus distal segment (the ©-region). 

Mutant polypeptides derived from p-galactosidase are known which can complement or spontaneously re- 
store enzyme activity when added to extracts of appropriate p-galactosidase negative mutants. This phenom- 
enon is known as intracistronic complementation. When complementation involves a deletion or chain inter- 
15 ruption in the a-region, the process is refenred to as a-complementation. An example of a-complementatton is 
— provided by the M15/CNBr2 complementati6r^systeif^ polypeptide lackslirTiino^acidsl 1^1 ~ 

of p-galactosidase and exists in solution as an enzymatically inactive dimer. A polypeptide derived from p-ga- 
lactosidase by cyanogen bromide cleavage, denoted the CNBr2 peptide (CNBr2), consists of amino acids 3- 
92. CNBr2, when mixed with the dimer M15, promotes spontaneous reconstruction of the p-galactosidase tet- 
20 ramer with full enzymatic activity (Langley and Zabin, 1976, Biochemistry 15 :4886). The M15 peptide is there- 
fore known as an a-acceptor and CNBr2 as an a-donor. 

While this represents a well-studied complementing system, CNBr2 can also serve as an a-donor for the 
Ml 12 dimer, a deletion of amino acids 23-31 within p-galactosidase (Lin, Villarejo and Zabin, 1970. Biochem. 
Biophys. Res. Common. 40:249: Celeda and Zabin. 1979. Biochem. 18:404: Welphy, Fowler and Zabin. 1981. 
25 J. Biol. Chem. 256:6804: Langley etal.. 1975, Proc. Natl. Acad. Sci. USA 72:1254). In the example of comple- 
mentation of M15 by CNBr2. amino acid sequences 3-10 and 42-96 are both present in duplicate in the enzy- 
matically inactive complex. 

Intracistronic complementation also occurs at the C-temninus of p-galactosidase (the ©-region). An early 
publication that describes structural studies related to complementation of p-galactosidase in the carboxy-ter- 
30 minal regton is M.E. Goldberg. The Lactose Operon . Cold Spring Harbor Laboratory, 1970. The most widely 
studied example is the X90-acceptor peptide that deletes that last 1 0 amino acids, 1 01 3-1 023. The X90 peptide 
exists as a monomer and can be complemented by CNBr24, a cyanogen bromide digestion product of p-ga- 
lactosidase consisting of amino acids 990-1023, to refonm enzymatically active tetramer (Welphy eta[., 1980. 
Biochem. Biophys. Res. Common. 93:223). 
35 A number of patent applications and patents relating to complementation assays have arisen out of the 

laboratories of the present inventors. Those applications that are directed to p-galactosidase enzyme donors 
and acceptors are U.S. application serial No. 666,080, filed October 29. 1984. now abandoned; U.S. application 
serial No. 721 .267, filed April 8, 1985, now U.S. patent No. 4,708,929; U.S. application serial No. 788,370, filed 
October 22, 1985, now pending; U.S. application serial No. 347,679, filed May 5, 1989, now pending; U.S. ap- 
40 plication serial No, 410,996, filed September 22, 1989. now pending; and PCT application PCT/US90/02491, 
filed May 4, 1 990, now pending as an international PCT application designating the US. All of these patents 
and patent applications are herein incorporated by reference. In particular, several of these earlier patents and 
applications disclose the complete genetic and amino acid sequence of the beta-galactosidase enzyme. 

The Pfesent invention provides improve d met hods and novel compositions for_enzymexomplementation ^ 

45 assays using variants in the ©-region of p-galactosidase for quantitative analysis of analytes of both high and 
lowmolecular weight (e.g., 150-300.000 daltons MW) in high (e.g., 10-i5 M) sensitivity. The assays are referred 
to collectively as OPRA assays based on "omega-complementation." However, they are not to be confused 
with the previously known complementation assays described using the omega-region of p-galactosidase, as 
the prior assays used a different part of the omega-region. 
so Omega complementation involves reassembly to an active p-galactosidase in a manner similar to that pre- 

viously done for other p-galactosidase variants. As discussed above, most previous p-galactosidase comple- 
mentation assays involved reassembly of polypeptides formed by breaking the p-galactosidase molecule in the 
a-r gion (some of the fragments overiapped. in addition to those that were xactly complementary); such re- 
assembly was r f rred to as a-compi mentation. Omega complementation in contrast involves reassembly of 
55 thecarboxylt rminus of p-galactosidase. The two complimentary polyp ptidefragm nts are known as the ome- 
ga-donor and the omega-acceptor molecules. As used in this specification, the "donoi" molecul is the smaller 
of the two molecules which assembles with the larger "acceptor" molecule. It has been detenmined that the ome- 
ga-donor molecule is particularly effective wh n it is approximately 1/3 of p-galactosidase and contains the car- 
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boxylt rminus. The om ga-acceptor contains th remaining 2/3 of p-galactosidase, with some overlap being 
possible. By using complementary fragments at th omega- nd of p-galactosidase, a diagnostic assay with a 
number of useful characteristics that Is capable of measuring low concentrations of analyte can b obtained. 
For example, the omega-donor molecule has a stable, folded structure that is dos to or identical with th struc- 

5 ture of this domain of the intact p-galactosidase molecule. This feature allows a fast kinetic interaction of conrv 
plementary molecules with no lag time associated with conformational changes. The stability of the omega- 
donor structure also makes it possible to purify this molecule intact without coexpression and later removal of 
Its complementary molecule (the omega-acceptor). This allows increased efficiency of production of the donor 
molecule in comparison to the donor molecule used In a-complementation. The omega-donor molecule of the 

10 invention further retains its structure In solution, thus minimizing problems with reagent stability which, although 
they can be overcome with proper use of stabilizing reagents, increases the complexity and cost of a-comple- 
mentation. 

A particularly useful characteristic of omega-complementation arises from the heightened sensitivity of the 
carboxyl tenminus of p-galactosldase to primary structural changes compared to similar changes in the amino 

15 tenminus. Stearic Inhibition also appears to be more prominent in the carboxyl tenminus. These characteristics 
allow a faster and more complete inhibition of complementation in assays involving the omega-region; accord- 
ingly, assays using omega-complementation have a lower signal-to- noise ratio and increased sensitivity when 
compared to a-complementation. 

According to the present Invention, polypeptides useful in omega-complementation are produced by re- 

20 combinant DNA techniques or by chemical polypeptide synthesis techniques. As used herein the tenm "poly- 
peptide" is inclusive of peptides and proteins. The polypeptides themselves are enzymatically inactive; how- 
ever, when reacted together in aqueous medium they associate to form a catalyticaily active enzyme via conrv 
plementation. p-Galactosidase is an especially favored enzyme for use In diagnostic assays because it has 
several substrates that are detectable using spectrophotometric and fluorometric methods, it has shown utility 

25 in previous commercial immunoassays, it can be measured at extremely low concentrations, and it is well char- 
acterized genetically. By creating enzymatic activity from components that produce insignificant background 
activity, a high signal-to-noise ratio can be achieved. 

The novel polypeptides used In the improved assays of the present Invention encompass (a) fusion proteins 
in which analyte is fused to polypeptide, which can be the product of recombinant genes containing sequences 

30 coding for analyte and polypeptide; (b) polypeptides genetically engineered for optimal coupling with analytes; 
(c) polypeptides chemically synthesized for optimal coupling with analytes; and (d) polypeptides genetically en- 
gineered or chemically synthesized for improved stability to such environmental factors as oxidation, heat, pH, 
enzymatic degradation, and the like. 

Thus methods are described for creating an immunoassay based upon the use of recombinant DNA tech- 

35 niques or chemical polypeptide synthesis technique to provide appropriate polypeptides that (1) are capable 
of complementation, (2) can be systematically adjusted to their equilibrium constant of reassociation, (3) are 
capable of interacting with specific binding proteins, and (4) can, by interaction with specrfic binding proteins, 
control the fonmation of active enzyme having the activity characteristic of p-galactosidase. 

The genetically engineered and chemically synthesized polypeptides of this invention offer distinct advan- 

40 tages over other complementing enzyme systems, including prior omega- and a-complementation systems us- 
ing p-galactosldase. Polypeptides produced by recombinant DNA techniques can be made in large quantity at 
low cost, can be easily purified to homogeneity and can be made of any size and sequence. Chemically syn- 
thesized polypeptides, particularly those that are relatively small in amino acid length, can be made In large 
yield in unlimited sequence variation. Either preparative technique provides for manipulation of amino acid se- 

45 quence, leading to polypeptides of improved coupling chemistries, enzymatic reaction kinetics, enzymatic as- 
say sensitivity and/or stability. 

The present invention also entails kits for carrying out an assay according the methods of the invention. 

BRIEF DESCRIPTION OF THE FIGURES 

50 

The invention may be more fully understood by reference to the following detailed description of the inven- 
tion, to examples of sp cific embodiments of the invention, and to the app nded drawings in which: 

FIG. 1 schematically r presents the p-galactosidase polyp ptide, together with selected deletion mutants. 
FIG. 2 represents in schematic fonm the construction of a recombinant plasmid containing an omega donor 
55 domain. 

FIG. 3 represents in schematic forni the construction of a recombinant plasmid containing an omega ac- 
ceptor domain. 

FIG. 4 is a diagram showing omega complementation kinetics. 
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FIG. 5 graph ically represents a competitive binding curve for a homogeneous assay for theophylline where- 
in th analyte-binding protein is an antibody. 

FIG. 6 graphically represents a competitiv binding curve (dos response curve) for an assay for theophyl- 
line wherein the analyte-blnding protein is anti-theophylline antibody. 

5 

DETAILED DESCRIPTION OF THE INVENTION 

The present Invention comprises improved assays for a variety of analytes employing enzymatically inac- 
tive polypeptides prepared using recombinant DNA techniques or chemical polypeptide synthesis techniques 

10 which, when incubated together in aqueous medium, form an active p-galactosidase enzyme complex by the 
process of complementation. Specifically, the techniques involve complementation in the omega-region of p- 
galactosidase between two polypeptide fragments of the whole p-galactosidase molecule formed by a break 
in the primary structure of p-galactosidase in the omega-region. In some cases the two fragments are not strictly 
complementary so as to form an exact p-galactosidase amino acid sequence without gaps or overlaps; both 

15 gaps and overlaps are possible as long as the resulting fragments can assemble into an active p-galactosidase 

— — molecule. The two polypeptides are termed (1) an omega acceptor and (2) an omega donor. As previously dis- 

cussed, the acceptor molecule is the larger of the two fragments and normally contains about two-thirds of the 
amino acid sequence of natural or modified, full-length p-galactosidase. The donor molecule is the smaller frag- 
ment containing the remaining one-third (approximately) of the amino acid sequence; the donor molecule is 

20 derived from the C terminus of the p-galactosidase molecule. 

In general, the acceptor molecule will be a polypeptide having an amino acid sequence from 600 to 1012 
amino acids in length, more preferably 700 to 850 amino acids in length, that is substantially identical to the 
amino acid sequence at the amino terminus of p-galactosidase (i.e., amino acids 1 to x as p-galactosidase is 
nomnally numbered, where x is the length of the polypeptide). The p-galactosidase can be derived from any 

25 source, but a bacterial source is preferred, particularly E. coli . Other sources include various Bacillus species; 
thermostable p-galactosidase is available from Streptomyces coelicolor and various Thermus species. Numer- 
ous bacterial strains capable of producing p-galactosidase (and thus containing genetic information encoding 
p-galactosidase for manipulation as described herein are publicly avail able from depositories such as the Amer- 
ican Type Culture Collection, Rockville MD, USA. The donor molecule will be a polypeptide having an amino 

30 acid sequence from 10 (preferably 12) to 500 amino acids in length, preferably 300 to 450 amino acids in length, 
that is substantially identical to the amino acid sequence at the carboxyl terminus of p-galactosidase (i.e., amino 
acids y to 1023, where y is the position of the first amino acid in the p-galactosidase sequence). 

By definition, a polypeptide that is "substantially identical" to a terminal sequence of p-galactosidase (either 
end) includes but is not limited to a sequence that begins at the natural terminal amino acid and continues with- 

35 out deletions, insertions, or modifications of the natural sequence for the indicated number of amino acids. Such 
unmodified sequences are referred to as "identicar sequences and are preferred. Typical modifications that 
occur in "substantially identical" sequences Include substitutions of one amino acid for another (usually done 
to provide a functional group for attachment of another component of the assay, as described below), modifi- 
cations of a natural amino acid (such as capping of sulfhydryl groups to prevent crosslinking via oxidation or 

40 other processes), deletions, and insertions. Except for deletions at the very terminus of the p-galactosidase 
sequence (i.e., the amino tenminus for the acceptor molecule and the carboxy tenminus for the donor molecule, 
which are referred to as non-complementing termini), alterations from the natural sequence of a donor or ac- 
ceptor molecule are preferably limited to no more than 20 amino acids (total of deletions, insertions, substitu- 
ti ons, and modifications), more preferably no more than 12 amino acids, even more preferably no more than 

45 7 amino acids, most preferably 3 or fewer. Delelion from a non-compTementing tenminus is preferably limited 
to 12 or fewer amino acids, more preferably 5 or fewer. 

"About," when referring to the length of a polypeptide fragment, preferably means within 10% (of the indi- 
cated number of amino acid residues), more preferably within 5%, even more preferably within 2%. For exam- 
ple, as sequence of "about 300 amino acids" is preferably from 270 to 300 amino acids in length, more preferably 

50 from 285 to 315 amino acids in length, even more preferably from 294 to 306 amino acids in length. "About" 
includes the possibility of at least one amino acid difference in length, even for short polypeptides. A sequence 
indicated to be "about" a particular length is preferably of the exact indicated length. 

The two complementing fragments can contain an overlap region wher up to 300, pr f rably 200 or f wer 
amino acids, are duplicated when complementation occurs. Gaps in the p-galactosidase sequenc can occur 

55 on complementation, but are not prefen-ed. 

Whether any particular modification from a natural (i.e., "identical") donor or acc ptor s quence or whether 
any two compi menting molecules with gaps or overlap regions will be effective can r adily be tested by pre- 
paring the desir d modification as a test molecule and combining the test molecul withacomplem ntary donor 
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or acceptor. Measurement of p-galactosidase activity readily provid s data on the effectiv n ssof any partic- 
ular modification or combination. Activity qual to that of natural p-galactosidas is not required, as omega conr^- 
plementation assays provide other advantag s as described h rein. How v r, modifications and combinations 
that achieve high activity upon complementation ar naturally preferred over modifications and combinations 

5 that show lesser activity. 

Particularly preferred is a donor polypeptide that comprises about 378 amino acids counting from the car- 
boxyl terminus of p-galactosidase. A preferred acceptor polypeptide comprises about 787 amino acids from 
the amino terminus of p-galactosidase. 

According to the methods of the present invention, recombinant DNA techniques may be used to prepare 

10 one or both polypeptides required for complementation. DNA synthesis techniques are applied to the prepa- 
ration of gene sequences coding for polypeptides of a variety of lengths. Omega donors and omega acceptors 
are prepared by those techniques. Chemical polypeptide synthesis techniques are generally applied to the 
preparation of polypeptides that are relatively short in amino acid length. For this reason, chemical techniques 
(when used) are best suited for the synthesis of donors molecules of the p-galactosidase system, since the 

15 donors molecules are typically short in amino acid sequence compared to the acceptors. Of course, this is not 
to say that functional acceptors cannot be prepared by peptide synthesis techniques. 

As defined herein, an omega acceptor molecule (sometimes referred to as an acceptor fragment) is an en- 
zymatically inactive polypeptide produced by a deletion mutant of the p-galactosidase gene which when con> 
bined with an omega donor is capable of forming p-galactosidase by the process of complementation. All omega 

20 acceptors constructed herein are polypeptides constructed with deletions in the omega-region of the p-galac- 
tosidase gene encoding the C-temiinus of the p-galactosidase protein. Some of these omega acceptors have 
been further manipulated through modification of amino acid residues in the primary sequence to provide for 
greater stability or ease of coupling to analyte analogues. 

As defined herein, a donor molecule (or fragment) is an enzymatically inactive polypeptide comprised of 

25 two domains: (a) an omega-donor domain containing an amino acid sequence capable of combining with an 
acceptor to form active enzyme; and (b) an analyte domain capable of Interacting with an analyte-binding pro- 
tein. The analyte domain is either (1) an analyte-coupling domain through which attachment to various analytes 
or analyte analogues can be accomplished or (2) a protein domain which itself functions as an analyte analogue. 
In fact it will be recognized by those skilled in the art that donor domain and analyte domain are merely regions 

30 of the complete donor polypeptide so designated for ease of reference. The analyte domain refers to that portion 
of the donor molecule where the analyte is attached or which functions as an analyte analogue, while the donor 
domain is the remainder of the donor molecule, especially that part which is necessary for complementation. 

As defined herein, an analyte-coupling domain comprises either the natural sequence of amino acids in 
p-galactosidase at the point of analyte attachment or it comprises amino acids Inserted or substituted into the 

35 polypeptide to provide convenient sites for the covalent coupling of analytes. The chemical coupling siites are 
most frequently sulfhydryl or amino groups associated with cystine or lysine residues, but can be any appro- 
priate chemically reactive group of any amino acid which is capable of binding to analyte without interfering 
with (a) the process of complementation or (b) interaction of the analyte with an analyte-binding protein. The 
location of the chemically reactive group can be altered to meet the stearic hindrance requirements of the assay. 

40 As defined herein, a protein domain compromises a protein antigen or an immunoreactlve group of an an- 
tigen (epitope) that is covalently attached by an amide bond as part of the principal amino acid sequence of 
the donor molecule, usually at the carboxyl temninus. For example, antigens such as tumor, bacterial, fungal, 
viral, parasitic, mycoplasmal, histocompatibility, differentiation and other cell membrane antigens, pathogen 
surface antigens, toxins, allergens, drugs and any biologically active molecules including but not limited to go- 

45 nadotropin hormone, ferritin, or any other antigenic molecule corresponding to or analogous to an analyte are 
possible. As recognized by those skilled In the art, donor molecules wherein the analyte domain Is a protein 
domain are also termed "fusion proteins." The tenm "fusion protein" as used herein is applicable to those enzyme 
donors comprised of an omega-donor domain and a protein domain specifying immunoreactlve epitopes of a 
protein antigen. It is, of course, possible for the protein domain to comprise a non-immunoreactive protein or 

50 fragment thereof capable of interacting with an analyte binding protein other than an antit)ody. The protein do- 
main effusion proteins obviates the need to covalently couple an analyte to the analyte domain as is necessary 
where the analyte domain is an analyte-coupling domain. This Is b cause the protein domain portion of a fusion 
proteinis, in essence, an analyte (or, at least, a close analogu of on ) capable of comp ting with free analyte 
for analyte-binding prot ins. 

55 As in any enzyme assay for analyte contain d In a sampi of medium, an analyt -binding molecule (gen- 

erally but not necessarily a prot in) Included as a reagent in the assay mixture must competitively interact or 
combine with both fr analyte and with analyte coupled to orfus d as part of the analyte d main of the omega 
donor. Int raction of the analyte-binding mol cule with analyte coupled to or fused with the om ga donor (here- 
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inafter term d "omega-donor conjugate") must inhibit the process of complementation of omega donor and 
omega acceptor. As d fined herein, analyte-binding proteins includ specific antibody mol cules including con- 
ventional polyclonai and monoclonal antibodies (and fragments th r of), rec ptors, transport prot ins, lectins, 
and other binding prot Ins, including but not limit d to avidin, and thyroxine binding globulin. As defined herein, 
the broader tenm analyte-binding molecul encompasses proteinaceous substances such as glycoproteins and 
lipoproteins, as well an non-proteinaceous substances such as carbohydrates (e.g., for binding with lectins, 
when the lectin is an analyte) and nucleic acids (e.g., for binding with target nucleic acids, as In a hybridization 
assay). Because proteins are generally used as analyte-binding molecules In most assays, the phrase "analyte 
binding protein" will be used for the remainder of this specification, It being recognized that non-proteinaceous 
binding molecules can be used where appropriate. 

The enzyme assay methods of the present invention are based upon competitive binding mechanisms. Ac- 
cording to the present Invention, a known amount of an omega-enzyme donor of the p-galactosldase system 
comprising a coupled or fused analyte (or an analogous analyte derivative) of interest (i.e., omega-donor con- 
jugate) is combined with a known amount of a specific analyte-binding protein or other binding molecule and 
a known amount of an omega acceptor capable of complementation with the omega enzyme donor. Competition 
between the analyte domain of the omega-donor conjugate and freeljnknow^ In the sample for the" 

known amount of specific analyte-binding protein allows the omega-donor conjugate to remain free so that It 
binds to the omega acceptor. The association of omega-donor conjugates and omega acceptor results in the 
fonnriation of a catalytically active enzyme complex, thus modulating the amount of p-galactosldase enzyme ac- 
tivity detectable In the sample. As a result the amount of free analyte in the sample is determined as a direct 
function of the measurable enzyme activity. Enzyme activity Is measured by monitoring the rate of substrate 
conversion by the enzyme catalyzed reaction by any of a variety of techniques Including but not limited to spec- 
trophotometric and fluorometric methods. 

The competitive reactions of the present assay may be represented as follows, wherein the analyte, omega- 
donor conjugate, omega acceptor, analyte-binding protein, and p-galactosldase enzyme are respectively rep- 
resented by A. OD-A, OA, Abp, and E. A binding complex is Indicated X - Y (a bond would be shown X-Y). 

(1) A + Abp A -Abp 



(2) OD-A + Abp ^=14^ OD-A - Abp 

^2d 



where k2a and k2d represent constants of association and disassociation of omega-donor conjugate and 
analyte-binding protein; 



(3) OD-A + OA 



^3a 



'3d 



wher e 1^ and ksd represent constants of association and disassociation of omega-donor conjugate and 

enzyme-acceptor polypeptides. 

Binding of the analyte-binding protein (Abp) to an accessible determinant on the omega-donor conjugate 
(OD-A) inhibits the complementation reaction such that the omega acceptor remains an Inactive dimer. 

Thus, reaction (2) 

OD-A + Abp OD-A - Abp 

competes with 

OD-A + OA->E. 

Using known concentrations of Abp, OD-A. and OA, the activity of the complexed p-galactosidase [E] will 
be directly proportional to the unknown concentration of free analyte of interest in the sample. 

As In conventional enzyme assays, for satisfactory sensitivity, formation of active nzyme by complemen- 
tation of the omega-donor conjugat coupled to analyte-binding protein together with the omega acceptor must 
be minimal. Stat d in other words, either both reactions (4) and (5) b low must proceed only minimally r not 
at all. 

(4) OD-A - Abp + OA -> OD-A - Abp - OA 
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(5) S OD-A - Abp - OA ^ p 

5 wherein OD-A, A bp, and OA are as described above, and substrate and product for the reaction cata- 

lyzed by active enzyme (E) are respectively S and P. 

A useful component for designing a particular assay with satisfactory sensitivity Is the relationship among 
(1) the association constant for the omega-donor conjugate and omega acceptor (ksa); (2) the concentration 
of specific analyte-binding protein ([Abp]); (3) the association constant for specific analyte-binding protein and 
10 omega-donor conjugate (kaa); and the concentration of omega acceptor ([EA]). 

The components of the enzyme complementation assays of the present Invention may be packaged in a 
kit either In aqueous medium or in lyophilized fomn. Each component or reagent can be packaged either sep- 
arately or with another component so long as the sensitivity of the assay is not altered and the component Is 
not adversely affected. 

15 According to a prefen'ed aspect of the present invention, improved complementation assays are achieved 
by use of omega donors and omega acceptors prepared using recombinant DMA techniques and/or chemical 
polypeptide synthesis techniques in which the break in the p-galactosidase primary structure occurs in the ome- 
ga-domain Instead of the a-domain previously used and In which other modifications In the amino acid se- 
quence of p-galactosidase also occur. Such techniques penmit Improved chemistry for covalent coupling be- 

20 tween omega donors and analytes via insertion or substitution of amino acids having the appropriate reactive 
groups, e.g., amino, sulfhydryl, carboxyl, etc. Such techniques permit more precise control of the association 
constant between omega acceptor and omega donor by systematically determining the amino acid sequence 
of the complementing polypeptides. Additionally, such techniques yield inexpensive, reliable sources of these 
polypeptides. 

25 According to one embodiment of the present invention, enzyme donors having an omega-donor domain 

and an analyte domain are prepared by the use of recombinant DNA techniques to improve the chemistry for 
coupling an analyte to the analyte domain. These omega donor polypeptides provide convenient coupling sites 
for the covalent attachment of analyte at varying distances from the omega-donor domain sequence required 
for complementation. 

30 To obtain omega-donor polypeptides of the type containing an analyte-coupling domain, a plasmid con- 
taining genetic infonmation encoding p-galactosidase can be cleaved at different sites in the omega-region of 
the p-galactosldase gene using a variety of restriction enzymes. Numerous publicly available sources of such 
genetic material are available through depositories such as the American Type Culture Collection, Rockvlile 
MD, USA. Examples include ATCC deposit numbers 9637, 15223, 15224, 21666, 27737, and 31382. See Fig- 

35 ure 2 for a description of plasmid 230, a plasmid that encodes p-galactosldase. For example, cleavage at the 
Bam and Sac sites of p230 (and other similar plasmids encoding p-galactosidase) excises the portion of the 
plasmid encoding the N-temninus amino acids of p-galactosidase. The Bam and Sac cleavage sites can then 
be linked using a synthesized DNA linker containing Bam and Sac ends. The resulting re-ligated plasmid con- 
tains the carboxyl-terminus 1/3 of p-galactosldase. 

40 Additionally, a plasmid may be genetically engineered to place the omega-donor sequence under regula- 
tory control of a temperature inducible promoter or other type of inducible promoter. This may be accomplished, 
for example, using a >.PR promoter in combination with a X repressor protein (coded by the X CI gene), which 
is temperature sensitive, and allows for temperature induction of protein expression. The X mutant gene, codes 
for a temperature sensitive repressor protein, which Is inactive at temperatures greater than 40°Ci 

45 According to another embodiment of the present invention, enzyme donors having an omega-donor domain 
and an analyte-coupling domain are prepared by the use of chemical polypeptide synthesis techniques to lnr>- 
prove the chemistry for coupling an analyte to the analyte domain. These omega-donor polypeptides provide 
convenient coupling sites for the covalent attachment of analyte at varying distances from the omega-donor 
domain sequences required for complementation. Chemical peptide synthesis techniques may also be em- 

50 ployed to prepare enzyme donors comprising an omega-domain and a protein domain. Omega-donor peptides 
are synthesized on an automated peptide synthesizer by standard synthetic techniques. Briefly, a protected 
amino acid representing the carboxyl terminus amino acid of the desired p ptid is attached to cross-linked 
polystyrene beads. The resin beads function as a solid phase to which additional amino acids may b coupled 
in a step-wise manner. Th peptid Is generated by growing the chain s quentlally from the carboxyl-t rminus 

55 to the N-tenrninus. The solid phase facilitat s driving the reaction rapidly to 100% completion by the use of ex- 
cess reagents. The excess reagents can then be easily washed away. Upon completion of the synth tic steps, 
the peptide is r moved from the r sin and purified. 

The omega-enzyme-donor polypeptid s prepar d according to the pr sent inv ntlon are genetically ngi- 
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neered or chemically synthesized to provide sulfhydryl, amino or carboxyl groups sufficiently or chemically syn- 
thesiz d removed from the N-termlnus so that th analytes are covalently attach d to thes groups without 
interfering with the ability of the omega nzyme donor to conjugat to fomn catalytically active enzym complex 
with an omega nzyme acceptor. Sulfhydryl and amino groups ar pr fenred. 

5 When a free sulfhydryl is present, it can react with a reactive group that is present on the analyte. Such 

reactive groups include but are not limited to, reactive haloalkyi groups and acid/halo groups, p-mercurlben- 
zoate groups and groups capable of Michael-type addition reactions (including, for example, maleimides and 
groups of the type described in Mitral and Lawton. 1979, J. Amer. Chem. Soc. 101 :3097-3110). Haloalkyi as 
defined herein comprises any alkyi group from one to three carbon atoms substitute with bromine, iodine or 

10 chlorine. If the analyte does not possess such reactive group for coupling to the free sulfhydryl of the omega 
donor, a derivative of the analyte can be prepared to contain such reactive group. 

According to another embodiment of the present invention, an omega-enzyme donor polypeptide is pre- 
pared by ligating or fusing a gene encoding an omega-donor domain with another gene encoding the protein 
analyte (or a protein thereof) to be assayed. The expression of the ligated genes in an appropriate host cell 

15 results in a fusion protein product that is capable both of complementation with an omega acceptor and specific 
binding^to^the alialyte^bihding protein. TItus, fusion proteiris prepared according to this^embodirrientof the pres- 
ent invention compromise two domains: (1) an omega-donor domain, and (2) a protein domain, both encoded 
by a fused gene. As mentioned previously, the protein domains utilized in this invention comprise immunor- 
eactive epitopes of protein antigens. 

20 In order to construct a gene which encodes a fusion protein, the two genes in question must be joined with 

their coding sequences such that the translational reading frame is maintained and is unintenrupted by termin- 
ation signals. Further, if the host cell is a strain which contains a repressor, the fusion protein will be produced 
only in response to inactivation of the repressor of induction. The fusion proteins are identified for their com- 
plementation activity by in vivo complementation of an omega acceptor. Screening of genetic constructions for 

25 immunoreactivity and immunospecific inhibition of complementation by interaction of antibody with the protein 
domain are accomplished in vitro . 

Fusion proteins are normally constructed so that the immunoreactive polypeptide is attached to the C-ter- 
minus of the omega-donor domain. A spacer sequence between the omega-donor domain and the protein do- 
main can be used to enhance complementation or to enhance the inhibitory effect of interaction with specific 

30 binding protein on complementation. 

Further, fusion of an entire gene coding for a particular protein analyte may not be required. For example, 
the related human glycoproteins leutropin (leutelninzing hormone; LH), follltropin (follicle-stimulating honmone; 
FSH), thyrotropin (thyroid-stimulating hormone; TSH) and human chorionic gonadotropin (hCG) are comprised 
of a and p-subunits. The a-subunits of all these hormones are identical. But in each case, the p-subunit is dis- 

35 tinct and confers the unique specificity and biologic activity of each hormone. Thus only the p-subunil may need 
to be fused to the omega-donor domain sequence to construct an immunoassay specific for a particular hor- 
mone of this group. 

Alternatively, the immunoreactive sequence coding for the protein domain which is fused to the omega- 
donor coding gene sequence could represent a unique immunoreactive epitope. For example, the unique car- 

40 boxyl-temiinal 30 amino acid extension of the p-subunit of hCG (Birken et a[. 1982. Endocrinology 110 :1555) 
can be used as the protein domain in an assay for hCG. 

As another illustrative example, the sequence for the entire Hepatitis B Virus surface antigen or only a small 
portion of this sequence could be used as the immunoreactive epitope for the Hepatitis B virus (Lernere et a[., 

_ 1981 , Proc. Natl. Acad. Sci. USA 78 :3403). 

45 As mentioned previously, the constant of association between omega donor and omega acceptor polypep- 

tides is an important parameter for achieving satisfactory sensitivity with any enzyme complementation assay 
system. According to the embodiments of the present invention, in order to adjust the constant association be- 
tween omega donor and omega acceptor, the amino acid sequence of either the enzyme-donor omega-domain 
(see above) or the omega acceptor can be systematically altered. 

so Omega acceptors with varied affinities for omega donor are prepared using a variety of recombinant DNA 

techniques including, but not limited to. deletion constructions and direct synthesis of DNA carrying the desired 
amino acid sequence followed by in-frame ligating into the DNA sequence of the omega-region of the lac Z gene 
which ncodes native p-galactosidase. 

Illustrative techniques for the preparation of omega acceptors by del tion constructions are presented in 

55 detail below. Very briefly, deletion construction t chniques entail introduction of sit s specific for particular r - 
striction enzymes into the om ga-regionofth p-galactosidase Z g n , followed by sit -specific digestion, e.g.. 
Bal31 digestion, to afford a g ne needing the d sir d amino acid sequence. Aft r dig stion with appropriate 
restriction nzymes, the viabi omega acceptors ar isolated using in vivo complementation ability. For exam- 
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pie, complementation can be screened by transforming plasmids, bearing th rmoinducibl g n s coding for 
an om ga donor as well as the omega acceptor of interest, into a strain sucli as AMA1004 (AMA1004 is galU, 
ga[K, StrA^ hsdR", leuB6, tr^C, A(laclPOZ)C29 (Casadaban et al., 1 983, Methods in Enzymology 100:293) and 
selecting on plates containing the inducer isopropylthiogalactoside and th chromogenic substrate 5-bromo- 

5 4-ch!oro-3-indolyl-oo-D-galactopyranoside. Colonies that are while at 30**C but blue at 42**C indicates the cre- 
ation of viable omega acceptors. The omega donor DNA sequences are then removed from the plasmid by 
restrictive enzyme digestion, and the plasmid is then religated and transfonmed into AMA 1004. The omega 
acceptor polypeptides are then purified. 

Alternatively, the omega acceptors are prepared by direct synthesis of DNA using any commercial DNA 

10 synthesizer. The desired synthetic DNA sequence is then annealed and ligated Into an appropriate plasmid 
vector. For example, plasmid pi 51 is digested with Sad and Sa[l restriction enzymes. The desired synthetic 
DNA sequence is then inserted into the Sacl/Sall gap. 

The improved methods and novel compositions of the present invention can be used to determine the pres- 
ence and/or quantity of a variety of analytes Including drugs and drug metabolites, biologically active molecules, 

15 steroids, vitamins, industrial pollutants, pesticides and their metabolites, food additives, herbicides and their 
metabolites, flavoring agents and food poisons, pathogens and toxins they produce, and other substances of 
interest. Analytes of relatively high molecular weight, e.g., proteins with MW greater than about 2,000 daltons, 
as well as small analytes, can be detected and/or measured with the improved assays and compositions of 
this invention. Illustrative examples of such analytes include, but are not limited to the following: 

20 



25 



30 



35 



40 



45 



50 
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HIGH MOLECULAR WEIGHT 
Carcinoembryonic antigen 
Ferritin 

Human T-Cell Leukemia Virus 
Insulin 
a-f etoprotein 
Rubella Virus 
Herpesvirus 
Cytomegalovirus 
-Fol-l-iGle stimulating— hormone 
Thyroid stimulating hormone 
Luteinizing hormone 
Hepatitis Virus 
Chorionic Gonadotropin 
Estrogen receptor 
Thyroid stimulating hormone 

receptor 
Poliovirus receptor 
Insulin transport protein 
Protein A 
Con A lectin 

Wheat Germ agglutinin lectin 
Secretory protein 
Cholera toxin 
Avidin 



LOW MOLECULAR WEIGHT 

Estriol 

Digoxin 

Thyroxine 

Propranolol 

Methotrexate 

Phencyclidine 

Methadone 

Morphine 

Diazepam 

Oxazepam 

Quinidine 

Propoxyphen 

N-acetylprocainamide 

Secobarbital 

Tobramycin 

Gentamicin 

Theophylline 

Amphetamine 

Benzoyl ecgonine 

Phenytoin 

Procainamide 

Lidocaine 

Carbamazepine 

Primidene 

Valproic Acid 

Phenobarbital 

Ethosuxinimide 

Biotin 



In the enzyme assays of the present invention, the amount of unknown analyte in a sample mixture Is meas- 
ured as a direct function of the activity of the p-galactosidase enzymes. Enzyme activity is monitored by the 
appearance of a product of the enzymatically catalyzed reaction or by disappearance of the enzyme substrate. 
This is the rate of conversion of substrate. Substrates for p-galactosidase that are suitable for spectrophoto- 
metric or fluorometric analysis include, but are not limited to: p-aminophenyl-p-D-galactopyranoside; 2'-N-(hex- 
adecanol)-N-(amino-4'-nitrophenyl)-p-D-galactropyranoside; 4-m thylumb Iliferyl-p-D-galactopyranoside; 
napthyl-ASOBI-p-D-galactopyranoslde; 1-napthyl-p-D-galactopyranoside; 2-napthyl-p-D-galactopyranoside 
monohydrate; O-nitrophenyl-p-D-galactopyranoside; m-nitroph nyl-p-D-galactopyranoside; p-nltrophenyl-p- 
D-galactopyranoside; and phenyl-p-D-galactopyranosid . 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside, 
resorufin-p-D-galactopyranosid , 7-hydroxy-4-trifiuoromethyl coumarin, andfluoresc in-p-galactopyranoside. 

The enzyme assays of the pres nt inv ntion utilize competitive Interaction for an analyte-binding prot in 
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between free analyte and onneg a- donor conjugate. Interaction of omega-donor conjugate with the anaiyte-bind- 
ing protein inhibits the complementation reaction. As described in detail in the examples (infra) , attachm nt of 
antibody or antibody fragment specific for the analyt -binding protein appears to enhance stearic hindrance 
effects and thus contribute to th inhibition of complementation by the omega-donor conjugate bound to the 

5 analyte-binding protein. 

According to one embodiment of the present Invention, the analyte-binding protein is an antibody molecule. 
In such case, the assay is an enzyme immunoassay. The antibody molecules useful for such assays include 
both conventional (polyclonal) and monoclonal antibodies (and fragments of polyclonal or monoclonal antibo- 
dies) specific for the analyte to be measured or the recombinant polypeptide fragments capable of specifically 

10 binding the analyte. 

According to another embodiment of the present invention, the analyte-binding protein is avidin, which has 
special affinity for biotin. In such case the enzyme assay is useful to measure not only biotin, but derivatives 
of biotin which retain affinity for avidin. 

According to another embodiment of the present invention, the analyte-binding protein is a binding protein 
15 including, but not limited to receptors, lectins and transport proteins. 

The invention now being generally described, the same will be better understood by reference to the fol- 
lowing detailed examples which are presented for purposes of illustration only and are not to be considering 
limiting of the invention unless so specified. 

20 EXAMPLES 

Example 1: Ck)nstructlon of Omega Proteins 

1. Omega-Donor Molecule; 0D6. 

25 

An exemplary omega-donor was prepared using standard techniques of genetic engineering as shown 
schematically In Figure 2. The carboxyl-temninus one-third of p-galactosidase was produced by removing the 
first two-thirds of the ft-gal DNA sequence from a DNA plasmid containing the sequence of the Intact p-galac- 
tosidase molecule using a DNA restriction enzyme. Other omega donors can be prepared using other restriction 

30 enzymes that cleave at or near the indicated restriction site. In this example, the plasmid P230 was used. How- 
ever, this plasmid was used merely as a matter of convenience, as other plasmids of known sequence con- 
taining a p-galactosidase gene can be used with equal ease. Sources of p-galactosidase genetic material are 
described elsewhere in this specification. 

The plasmid P230 was cleaved with restriction enzymes at the Bam and Sac sites to produce two pieces 

35 of DNA. The large piece was isolated by agarose gel electrophoresis. A synthesized DNA linker containing Bam 
and Sac ends was tigated into the isolated large piece to recircularize the plasmid. The final product contains 
the carboxyl-tenminus one-third of p-galactosidase. The resulting plasmid is referred to herein as P720. Ex- 
pression of this plasmid in a host bacterial cell produces the 0D6 molecule, which as 378 amino acids and a 
molecular weight of 43,000 daltons. 

40 

2. Omega-Acceptor Molecule; OA721 

An exemplary omega acceptor was constructed by removal of the carboxyl temninus DNA sequences from 
a plasmid containing the sequence of the intact p-galactosidase molecule, leaving a truncated p-galactosidase 

45 with 787 amino acids and molecular weight of 94,000 daltons. Construction of the plasmid Is shown schemat- 
ically in Figure 3. The source plasmid was p151, a different plasmid which also encodes p-galactosldase. The 
p151 plasmid was digested with enzymes at the ApaLI and Sal sites to produce two pieces of DNA. The large 
piece was isolated by agarose gel electrophoresis. A synthesized DNA linker containing Apati and Sal ends 
was ligated into the isolated large piece to recircularize the plasmid. The final product contains the amino-ter- 

50 minus two-thirds of the p-galactosidase gene. The omega-acceptor molecule, OA721 , Is missing the final 236 
amino acids of p-galactosidase, which can be found within the complementary 378 amino acid omega-donor 
molecule. 

Example 2: Purification of Omega Proteins 

55 

1. Omega Donon 0D6 

MG720, an E. coli strain harboring the plasmid which codes for the 0D6 gene, was grown at 30°C until th 
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cell growth was expon ntial. Wh n the cell mass reached ODeoo = 1.0, the temperatur was raised to 42*C, 
which induces the synth sisof OD6froma high-t m peratu re Inducible promotor. Aft rfour hours at 42**C. the 
cells were collect d and frozen. The frozen cells wer thawed and lysed in the pres nee of aqueous buffer and 
lysozym . This lysat was clear d by centrifugatlon, and the pelleted material was xtracted for 0D6 protein 

5 by a series of resuspensions in increasing ur a concentrations. Th 0D6 protein was found in the 8M urea 
extraction. The 8M urea extract was made 15% saturated with ammonium sulfate, and the precipitate was col- 
lected by centrifugation. The precipitate was resuspended into 6M guanidine hydrochloride and dialyzed with 
several changes into an 8M urea/TRIS HCI plH 7.5 buffer. The dialyzed material was then further dialyzed into 
an aqueous TRIS HCI pH 7.5 buffer with several changes. The dialyzed 0D6 protein extract was then cleared 

10 of precipitation by centrifugation, and the cleared extract was made 50% saturated with ammonium sulfate. The 
precipitate was collected by centrifugation and resuspended into a 0.5 M NaCI/TRIS HCI pH 7.5 buffer and puri- 
fied using sizing gel chromatography. The active peak was concentrated and stored at 4°C. 

2. Omega Acceptor; OA721 

15 

OA721 protein (strain MG721) was expresse^ i)y"the same^pTocedure a¥ 6u tl in edlibove"foyOD6. After 
cell lysis, the cell material was cleared by centrifugation. The cleared lysate was made 25% saturated in am- 
monium sulfate, and the precipitate was stored at a pellet at 4''C. The pellet material was extracted twice with 
2M urea buffer, and both cleared lysates were pooled and made 25% in ammonium sulfate. The precipitate 
20 was again stored as a pellet at 4°C. The 25%-saturated ammonium sulfate pellet was resuspended into a Tris 
buffer and purified by ion-exchange chromatography. The active peak, detenmined by a complementation assay 
using 0D6 protein, was concentrated and stored at4°C, or -20''C, depending on the batch. 

Example 3: Omega Complementation Immunodiagnostic Test 

25 

An immunoassay was canried out to detect low concentrations of analyte in patient sera. The analyte chos- 
en for the test was theophylline, which has a therapeutic range of 0-40 ^g/mi. The purified 0D6 molecule was 
covalently bound to theophylline in a manner which does not interfere with complementation. 

For this purpose, purified 0D6 protein was buffer exchanged using a Sephadex G-25 column to remove 
30 any p-mercaptoethanol. The activity of 0D6 fractions was monitored by assay with OA721 . To the pooled 0D6 
fractions, a solution of a theophylline-maleimide derivative in DNA was added, and the reaction mixture was 
incubated for 20 minutes at room temperature. The reaction mixture was passed over a Sephadex G-25 column 
again to remove excess theophylline-maleimide derivative. The OD6-theophylline conjugate was pooled and 
assayed for complementation activity with OA 721 and for immunochemical binding with anti-theophylline an- 
35 tibody. Assays were performed in microliter plates at room temperature. OA, OD and substrate were combined 
at t=0 min. The rates are derived from mAU of substrate turnover measured in 1 min. intervals. No antibody or 
dose was present in the assay wells. 

Figure 4 shows a liner increase in substrate turn-over versus time for a substrate incubated with the 
OD6/theophylline conjugate. In the presence of anti-theophylline antibody, however, the complementation of 
40 OD6/theophylline conjugate and OA721 is sterically inhibited (Figure 5) due to binding of the antibody to the 
covalently bound theophylline^ Concentration of antibody binding sites (nM system) are shown beside each data 
point. 

To further demonstrate the usefulness of this assay, a dose response to free theophylline was investigated. 

The free theophylline competes f or a ntibody sites, thus freeing OD6/theophylline conjugate for complementa- 

45 tion with OA721. Thus, the rate of substrate hydrolysis measured is directly related to the amount of free the- 
ophylline present. Figure 6 shows a linear dose response of theophylline in the omega assay in a range of 0- 
4 \ig/m\ when the optical density was measured in the "read frame" of six to eight minutes after the addition of 
substrate at room temperature. Assays were perfomied in microtier plates at room temperature. OD concen- 
tration was 4 nM system, antibody binding sites concentration was 8 nM systems. Antibody was first preincu- 
50 bated with dose. OD was then added to this mixture for an additional preincubation. OA and substrate were 
then added at t=0 min. 

All publications and patent applications mentioned in this specification are herein incorporated by reference 
to the same extent as if ach individual publication or patent application was specifically and individually indi- 
cat d to be incorporated by reference. 
55 The Invention now being disclosed in detail and by examples, It will be recognized by one skilled in the art 

that many modifications and variations of these examples are possible while still falling within the scope of the 
present inv ntion. 
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Claims 

1. In an enzyme complementation assay for detemriining the presence or concentration of a suspect d ana- 
lyte in a sample using an enzyme-donor polypeptide and an enzyme-acc ptor polypeptide, both of which 
are enzymaticatly inactive when separate but which fonn an active p-galactosidase enzyme when present 
in solution with each other, an improvement which comprises: 

utilizing as said donor polypeptide a polypeptide having an amino acid sequence substantially iden- 
tical to from 10 to 500 amino acids at the carboxyl terminus of p-galactosidase and utilizing as said enzyme 
acceptor polypeptide a polypeptide having an amino acid sequence substantially Identical to from 600 to 
1 01 2 amino acids at the amino temninus of p-galactosidase, with the proviso that the combination of X90 
as said donor polypeptide and CNBr24 as said acceptor polypeptide is excluded. 

2. The method of claim 1, wherein said enzyme donor polypeptide comprises about 378 amino acids. 

3. The method of daim 1, wherein said enzyme acceptor polypeptide comprises about 787 amino acids. 

4. An omega-enzyme-donor polypeptide having an amino acid sequence substantially identical to from 12 
to 500 amino acids at the carboxyl tenminus of p-galactosidase. 

5. The polypeptide of claim 4, wherein said amino acid sequence is substantially identical to amino acids 
645 to 1023 at the carboxyl tenminus of a p-galactosidase sequence. 

6. The polypeptide of claim 4, wherein said sequence comprises about 378 amino acids. 

7. The polypeptide of claim 4, wherein said polypeptide is a fused polypeptide comprising an analyte region 
and a omega donor region. 

8. The polypeptide of claim 4, wherein said polypeptide comprises an analyte or analyte analog attached to 
a side-chain functional group of an amino acid of said sequence. 

9. An omega-acceptor polypeptide having an amino acid sequence substantially identical to from 600 to 1 012 
amino acids at the amino terminus of a ^-gatactosidase sequence. 

10. The polypeptide of claim 9, wherein said amino acid sequence is substantially Identical to amino acids 1 
to 787 at the amino tenminus of a p-galactosidase sequence. 

11. The polypeptide of claim 9, wherein said amino acid comprises about 787 amino acids. 
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FIG. 5 
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FIG. 6 
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